Abstract-This paper studies the design of signaling waveforms for time-hopping impulse radio (TH-IR) with limits on the power spectral density. Such restrictions are imposed by the spectral mask prescribed by frequency regulators for ultra-wideband (UWB) signals. The "conventional" TH-IR system with pulseposition modulation and time-hopping multiple access gives rise to spectral lines that either violate the regulations, or require a significant power backoff. To remedy this situation, we propose the use of polarity randomization, which eliminates the spectral lines and also leads to a smoothing of the continuous part of the spectrum. We analyze different variants of the polarity randomization, considering short and long randomization sequences, as well as symbol-based or pulse-based randomization. We analyze the effect of this technique on both pulse position modulation and binary phase-shift keying modulation.
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LTRA-WIDEBAND (UWB) communications first received attention in the 1990s, following the groundbreaking work of Win and Scholtz [1] - [3] . They proposed to use time-hopping impulse radio (TH-IR) as multiple-access (MA) method, combined with pulse position modulation (PPM). In the TH-IR scheme, each symbol is represented by a sequence of pulses, where the delay between the pulses is determined by a pseudorandom sequence; MA capability is provided by using different TH sequences for different users. The use of short pulses in the transmit signal leads to a wide spreading of the spectrum. While alternative UWB schemes have been developed [4] , [5] , TH-IR has remained the method of choice for most of the academic, as well as a lot of industrial work; for an overview, see [6] - [8] .
A keystone in the development of UWB was the 2002 "Report and Order" issued by the frequency regulator in the U.S., the Federal Communications Commission (FCC), which allowed the use of unlicensed UWB transmission between 3.1 and 10.6 GHz, subject to the fulfillment of a spectral emission mask that limits the power spectral density (PSD) within each 1 MHz band to dBm/MHz [9] , [10] . This ruling had important consequences for the design of UWB signals. Due to the low total allowed PSD, it is important that the spectrum of the transmit signal exploits the mask as well as possible. Signals that cause spectral lines are highly undesirable, as they have a high peak PSD. Thus, those signals have to back off the average power until the peak of the spectrum complies with the mask. The analysis of the spectral properties of linear modulation formats and PPM (without time hopping) is well documented in the literature (e.g., [11] and [12] ). The study of the spectral properties of TH-IR combined with those modulation formats, however, is fairly recent. [2] considered some fundamental properties of the spectrum of "classical" TH-IR, while [13] and [14] analyzed the impact of timing jitter on such systems. Piazzo and Romme analyzed the PSD further in [15] and suggested a way to control the spectrum by means of TH codes [16] . The use of polarity randomization for TH-IR was first suggested by us in 2003 in the conference version of this paper [17] . Cassioli and Mazzenga [18] derived a general expression for the PSD of PPM signals with TH and delay coded sequence (DSC). Maggio et al. [19] proposed a pseudochaotic time hopping scheme to enhance the spectral characteristic of the system, trying to remove periodic structures from the signal. It is also worth noticing that parallels can be drawn from the analysis of direct-sequence code-division multiple-access (DS-CDMA) signals; the spectrum of DS-CDMA is discussed, e.g., in [20] . A study of spectral shaping using code-hopping CDMA was written in 2004 by Saidi [21] .
The classical TH-IR leads to spectral lines, and is thus not well suited for operation according to the FCC regulations. In this paper, we propose a modification that eliminates the spectral lines, and shows in general better spectral properties. This scheme is based on a randomization of the polarity of the transmitted pulses. This scheme can be used in conjunction with either PPM or binary phase-shift keying (BPSK) modulation and different types of TH sequences.
The key contributions of our paper are thus the following.
• We propose a new method that eliminates the spectral lines of TH-IR-PPM, and improves the spectral properties of TH-IR BPSK. This suggestion (first presented by us at a conference in 2003 [17] ) 1 has since been widely accepted and also impacted various proposals for the IEEE 802.15.4a standard that is currently under development. • Using the well-known theory of power spectrum analysis, we now quantitatively detail the impact of this method when used for different types of time-hopping sequences, including short hopping sequences (sequence length equal to the symbol length), long hopping sequences, as well as randomization on a symbol-by-symbol basis.
• We investigate the impact of the frame structure of TH-IR on the spectra of our method. The remainder of the paper is organized in the following manner: Section II gives analytical formulations for the spec- trum of "conventional" TH-PPM, showing the spectral lines created by this MA/modulation scheme, and summarizes the most relevant requirements of the FCC regulations. Section III introduces the symbol-based polarity randomization which eliminates the spectral lines. Section IV presents the pulse-based polarity randomization, which solves the problem of the spectral Crest factor due to the structure of the TH sequence. A summary and conclusions wrap up this paper.
The results presented in this paper were verified by theoretical analysis and Matlab simulations. In order to present clear illustrations of the results, a bandwidth of 4 GHz (frequency range 3-7 GHz) was used to display the PSDs and their spectral Crest factor. However, the spectrum of our waveforms also fits the FCC mask at frequencies , as shown in [17] . The parameters for the examples are chosen such that they are suitable for a high-data-rate system (100 Mbit/s). However, we stress that the basic approach is equally valid for other data rates. In particular, it can be applied to low-data rate systems as envisioned, e.g., for the IEEE 802.15.4a standard.
II. SPECTRAL CHARACTERISTICS OF CLASSICAL TH-IR

A. Transmit Waveform of TH-IR
In this section, we review and reinterpret the spectral characteristics of classical TH-IR. Fig. 1 shows the structure of the transmit signal. The transmit signal is given as [2] , [3] (1) where is the transmitted constituent pulse, is the average pulse repetition time, is the number of frames (and therefore also the number of pulses ) representing one information symbol of length , and is the information symbol transmitted. is the time shift of the PPM.
The TH sequence provides an additional time shift of seconds to the th pulse of the signal, where is the chip interval, and are the elements of a pseudorandom sequence, taking on integer values between 0 and . To prevent pulses from overlapping, the chip interval is selected to satisfy ; in the following, we assume so that is the number of chips per frame.
B. Power Spectral Density (PSD)
In this section, we review the pertinent details of the FCC regulations, as well as some basic equations for the computation of the PSD.
The FCC regulations provide limits to the PSD of the emissions, given in the form of a PSD mask. In the band from 3.1 to 10.6 GHz, the PSD is limited to dBm/MHz. The limits on the PSD must be fulfilled for each possible 1 MHz band, but not necessarily for smaller bandwidths. There is also a limit on the peak emission level contained within a 50 MHz bandwidth centered on the frequency , at which the highest radiated emission occurs.
The FCC has adopted a limit on the (temporal) peak power, based on a sliding scale dependent on the actual resolution bandwidth (RBW) employed in the measurement. The peak EIRP limit is 20.log(RBW/50) dBm when measured with a resolution bandwidth RBW ranging from 1 to 50 MHz.
Only one peak measurement, centered on , is required. As a result, UWB emissions are average-power-limited for PRFs greater than 1 MHz and peak-power limited for PRFs below 1 MHz. Since the latter case provides less energy per symbol at the receiver, PRFs above 1 MHz should be used whenever possible.
The following equation for the PSD of -ary modulation with independent input sequences [22] will be used extensively in the remainder of the paper (2) Here, denotes the size of the modulation alphabet, the symbol period, the Fourier transform of , i.e., the waveform of the symbol of the constellation and the marginal probability of the symbol.
C. PSD of TH-IR With Short TH Sequence
The PSD of the transmit signal is determined both by the pulse shape and the TH sequence . A majority of systems considered in the literature and standardization working groups up to now assume that the duration of the TH sequence is identical to the symbol duration; similar to DS-CDMA, henceforth, we refer to this case as "short" hopping sequence [33] . Therefore, this TH sequence has a duration and it contains pulses. The spectrum of the transmit signal without modulation can be written as
The underlying pulse shape for the simulations of this paper is the fifth derivative of a Gaussian pulse, which was shown to be a good choice in [23] .
is its Fourier transform. For most of the examples in the remainder of the text, we use a TH sequence with pulses following the sequence , and 4 chips per frame (see Fig. 1 ), [24] . The number of pulses is a compromise between the requirements for a sufficient number of chips per frame, and the necessity of having a sufficient number of frames for each symbol. For a high data rate system, the symbol duration is limited to about 10 ns, making 2 ns frame duration a reasonable compromise. Furthermore, a prime number like 5 helps to design a set of orthogonal TH sequences [28] - [30] .
When 2-PPM is used as a modulation format, the PSD of the modulated signal can be shown to be [25] , [31] 4) is the delay due to the PPM; an example is shown in Fig. 2 . The amplitude of these spectral lines can be dB above the level of the continuous part of the spectrum, which corresponds to 80 dB for a 100 Mb/s data rate. In the context of FCC regulations, the regulations specify measurement procedures that average the power of these lines over a 1 MHz band. Therefore, these spectral lines are attenuated by a factor 60 dB, as is also reflected in the figures above. Even in this case, the lines still remain about 20 dB above the continuous part of the spectrum (for 100 Mb/s data rate), and require a reduction of the total transmitted power of the signal by that amount. Uniform timing jitter, which is equivalent to considering a random position of the pulse within the frame, helps to smooth the spectrum but does not remove all spectral lines [15] .
D. PSD of TH-IR With Long TH Sequence
One method for improving the spectral properties is a further randomization of the position of the pulses, e.g., by using a long TH sequence. The goal behind the definition of a longer code is to average the PSD of different waveforms. If the peaks of their respective PSD occur at different frequencies, the total peak-toaverage ratio of the PSD will be reduced. The same argument holds for the spectral lines: their averaged power will be lower.
The combination of long-code TH with PPM can then be seen as -ary PPM, where the position of the pulse in each frame is completely random. This interpretation is strictly valid if the PPM shifts the position of a pulse in each frame cyclically, not linearly as is commonly assumed. However, for long frame durations, the difference between those two cases is minor. To simplify the derivation, a PPM shifting the symbol by a multiple of the chip duration is considered here, so that . Fig. 3 shows an example where a symbol of five frames with four chips each is represented. The bit "1" modulates the signal by shifting the symbol by , which is equal to one chip duration. The last chip of the last frame contains a pulse if there is no modulation. With a linear shift of one chip duration due to the PPM, the pulse would be shifted outside its frame (and even outside the symbol). However, a cyclical shift moves the pulse to the first chip of the last frame. As a consequence, the probability of a pulse occurring at a specific chip is completely uniform even in the presence of PPM (an alternative approach, which is widely used, is a guard interval at the end of each frame. However, this approach leads to a nonuniform probability density function of the pulse position). A long TH sequence implies a randomly selected chip for the pulse position for each frame.
Therefore, the frames are independent and the pulse can have equiprobable positions in each frame. The signal can be modeled as a -ary PPM with as the symbol duration and . The PSD can then be easily obtained from (2) with -ary PPM modulation (5) As seen from the above example, the lines are not completely eliminated by the use of a long spreading sequence. The distance between two adjacent spectral lines is inversely proportional to the chip duration. Increasing would only put the spectral lines further apart. If goes to infinity, which is equivalent to a uniform distribution of the pulse over the frame, all spectral lines occur at infinite spacing and thus effectively vanish. Practical considerations usually prevent the use of infinite in UWB systems. The generation of TH positions via PN sequences, or other digital codes, or from stored tables, requires a quantization, and thus a finite number of possible positions . Ref. [6] also noted that some spectral lines cannot be reduced by designing a TH sequence for example when , where and are relative prime numbers.
III. SYMBOL-BASED POLARITY RANDOMIZATION
A. The Basic Idea of Polarity Randomization
As mentioned above, the spectral lines are a serious obstacle for efficient implementation of UWB systems. We therefore suggest a simple but effective method to eliminate them: randomizing the polarity of the transmitted pulses. In other words, (1) is replaced by (6) where is a polarity randomization sequence. This method which we proposed in our VTC2003 paper [17] and related contributions to the IEEE 802.15.3a standard, has since been generally accepted and widely used in the literature. We will show in the following that the sequence eliminates spectral lines under all considered circumstances but that, depending on the specific properties of the TH sequence, the continuous part of the PSD has different shapes.
B. Symbol-Based Polarity Randomization With Short TH Sequence
The first case we consider randomizes the polarity (sign) of the transmitted pulses on a symbol-by-symbol basis, where we assume a short TH sequence. This has a formal similarity to joint PPM/PAM as modulation format (combined with TH for multiple access). The difference is that in our case, the sign of the transmit pulses does not bear any information, and can be easily discarded by simplified receiver structures (envelope detectors). The introduction of the pseudorandom polarity serves only to improve the spectral properties of the transmit signal. As we change randomly the polarity of the symbols ; the signal can be viewed as a pulse train composed of 2M antipodal symbols. Thus, (2) can be rewritten as the PSD of a signal with antipodal modulation (7) where is the Fourier transform of , the short TH sequence of pulses (not a single pulse!). The symbols are the symbols with an opposite polarity for from 0 to . Thus, and the spectrum becomes (8) Fig. 4 . PSD of a signal with the TH sequence given Fig. 1 for BPSK modulation, OOK, or 2-PPM with symbol-based polarity randomization.
Thus, the spectral lines disappear [31] . Furthermore, from (8), we see that the spectrum of the signal is defined by the summation of the spectrum of the symbols.
From (8), it is also clear that the same statement holds for the different modulation formats, like PPM and on-off keying. Furthermore, it is not required anymore to have equiprobable symbols to control the spectral characteristics of the modulated signal by removing the spectral lines. Even if the original modulated signal has nonequiprobable symbols or nonantipodal modulation schemes, the symbol polarity scrambling solves these two issues by creating pairs of independent equiprobable waveforms of opposite polarity. This is a sufficient condition to eliminate spectral lines.
For binary PPM, four modulation symbols need to be taken into account: one symbol coding for "0," one shifted symbol coding for "1," and the same two symbols with opposite polarity. For the case of OOK, we obtain the PSD in a similar form: the modulation now has three different symbols (1, , 0) of probability 1/4, 1/4, and 1/2. The spectral lines vanish and the PSD is only given by the "basic signal" waveform (Fig. 4) [31] .
Thus, changing randomly the polarity from symbol to symbol (symbol-based polarity randomization) provides an efficient way to eliminate spectral lines. The continuous part of the PSD of the signal is determined by the "symbol waveform," i.e., the sequence of time-shifted basis pulses. In other words, the PSD of the signal is the multiplication of the PSD of the pulse and the PSD of the TH sequence. However, the TH sequence creates peaks in the spectrum that necessitate a reduction of the total transmit power. Similar to the well-known "Crest factor" in the time domain, we will call the peak-to-average ratio of the PSD the "spectral Crest factor." Fig. 4 shows the spectrum of a signal with the TH sequence defined in Section II-C: the spectral Crest factor is 5 dB.
The polarity randomization also offers the possibility of shaping the spectrum. The design of a TH hopping sequence in order to place spectral notches is possible, for example, by optimizing the TH sequence. However, finding a large set of TH sequences (required for multiple access) that fulfill both good cross-correlation properties and have specific properties of the PSD is a difficult problem and generally requires extensive computations to refine and optimize these sets.
The expression of the PSD when BPSK is used as modulation format is similar to the PSD obtained with PPM, but with . The polarity of the symbols is affected by the modulation, and thus information carrying. An additional polarity randomization can be superimposed to ensure zero-mean signals even if the underlying data are not equiprobable.
One might wonder why PPM is considered at all in combination with polarity hopping. After all, the transmitter of polarity-hopped PPM is more complicated than for BPSK alone, and BPSK provides better BER at the same SNR. However, PPM provides for a simplified receiver implementation, since the polarity of the received signal can be ignored, and a pure energy detection can be performed. Thus, both modulation formats have their areas of application.
C. Symbol-Based Polarity Randomization With Long TH Sequence
In many cases, the shaping of the spectrum, and especially the spectral ripples that occur even in such a shaped spectrum, is undesirable. The goal is a signal of which the PSD is as smooth as possible, and ideally identical to the PSD of the basic pulse, e.g., our single Gaussian pulse. In this section, we describe one method to smooth the spectrum by combining short TH sequences with good spectral characteristics.
The basis for this approach is that a long TH sequence can be thought of as a sequence of short TH sequences. In other words, the waveform of a symbol is taken randomly from a preselected set of waveforms and its polarity is then scrambled by the symbol-based polarity randomization sequence. We have seen with (8) that the spectrum is then the average of the squared FT of each symbol. If the peaks of their respective PSDs occur at different frequencies, the total peak to average ratio will be reduced.
We also find that the symbol-based polarity randomization eliminates the cross terms (second term of the continuous part of the spectrum (2)), and thus simplifies the design of the spectrum: the design of the waveforms can be done one by one, adjusting the spectral characteristic of each of them in order to control the PSD of the signal, which is simply their average. If the cross terms would not vanish, all waveforms would have to be optimized jointly.
The spectrum can be formulated mathematically as (8a) where is the sequence define in (1). There are distinct sequences . The use of several short TH sequences taken randomly for different symbols helps smoothing the spectrum but does not necessarily reduce the spectral Crest factor. The problem is similar to the remaining spectral lines in the PSD of Section II-D when and are relative prime numbers. A small number of high amplitude frequencies remain because of the frame structure of the signal. While it is possible to move those peaks to frequencies where they have less negative impact (e.g., frequencies where the constituent pulses provide a smaller spectral density), such signal is complex. Section IV proposes a better solution to this problem.
IV. PULSE-BASED POLARITY RANDOMIZATION
The use of long TH sequences is often undesirable. In particular, it makes synchronization more difficult, and complicates the design of equalizer schemes. For this reason, we propose to modify the symbol structure by randomizing the polarity of each transmitted pulse and without changing the pulse positions. Thus, the variables in (6) become i.i.d. random variables that can take on the values and .
A. Short TH Sequence and Short Pulse-Based Polarity Randomization Sequence
A short polarity randomization sequence is a sequence that is the same for all transmitted symbols. Thus, the symbol waveform is the combination of a TH sequence and a polarity randomization sequence. This "basic signal" waveform consists of a number of delayed pulses with different polarities, is chosen once, and then remains fixed.
The situation is, thus, similar to Section II-C, though the TH sequence defined there (TH1) only contained pulses with the same polarity. In the case of pulse-based polarity randomization, the PSD is again given by (8) , but now the "basic signal" waveforms have a different, more flexible structure, i.e., the pulses can have different polarities. This flexibility helps to better design the spectrum of the signal to reduce the spectral Crest factor due to the TH structure and limits the power back off.
As an example, we consider again TH1, , but now in conjunction with the short pulse-based polarity randomization sequence . We call this new sequence TH1a. In order to focus on the spectral characteristics of the TH sequences, Fig. 5 shows the PSD of TH1 and TH1a without the contribution of the envelope due to the pulse. The comparison of these normalized PSDs with and without the pulse-based randomization shows that inverting the polarity of some pulses can reduce significantly the spectral Crest factor of the PSD (5 dB for TH1 versus 2.6 dB for TH1a).
A further generalization is possible by using a short TH sequence in conjunction with a long (pulse-based) polarity randomization sequence. As mentioned in Section III-B, the symbol-based polarity randomization allows to simply average the spectral characteristics of several waveforms.
A random selection among several short pulse-based polarity randomization sequences, using the same TH sequence, can thus reduce the spectral Crest factor.
For example, using TH1a and TH1b defined by and the short pulse-based polarity randomization sequences and , respectively, reduce the spectral Crest factor by 0.83 dB (Fig. 6 ) compared with the use of TH1a only. Another possibility to flatten the spectrum is the use of a pulse-based short polarity randomization sequence, together with a symbol-based polarity randomization and a long TH sequence. This allows an optimization of the envelop of the PSD similar to the discussion in Section III-C; however, we can now better optimize the PSD of the constituent waveforms (due to the larger number of degrees of freedom for creating those waveforms, as discussed earlier in this section). In Fig. 7 , we use randomly the sequences TH1a and TH2a ( in conjunction with ) with a 2-PPM. The spectral Crest factor is about 0.5 dB better than using one of these sequences alone. We emphasize the fact that, due to the symbol-based polarity randomization, the spectrum of Fig. 7 is the same for OOK, 2-PPM, and BPSK.
B. Short TH sequence and Long Pulse-Based Polarity Randomization Sequence
This case is a generalization of the symbol-based polarity randomization. Randomizing the polarity per pulse allows a description of the signal with independent, equiprobable, and antipodal symbols defined over a frame duration. Having Nc possible pulse positions per frame and a 2-PPM, the total number of "basic signal" waveforms over is . We note that an antipodal modulation leads to waveforms with BPSK and with OOK ( because of the null symbol). For a 2-PPM, (8) leads to [31] (9) Fig. 8 . Effect of the length of the pulse-based polarity randomization sequence on the PSD of a BPSK signal with short TH sequence. Equation (9) shows that the use of a longer code to scramble the polarity of each pulse of the TH sequence allows us to get the spectrum of the original waveform. This general form shows that a DS or TH system with a long pulse-based polarity scrambler eliminates the spectral lines and reduces the need of a power backoff due to the peak to average ratio caused by the structure of a short TH code. The spectrum of a PPM, OOK, or BPSK signal using this long scrambling code is given by the waveform of the pulse and is identical to the dashed one given in Fig. 7 .
Finally, we note that the result remains valid if the positions of the pulses are not restricted to a structure with frames. This is the case for example when a jitter is considered to randomize the position of the pulses. The PSD of the signal is given by the pulse shape. We emphasis that this result also holds if the time hopping is short and the polarity randomization sequence is long.
In this paper, a complete randomization of the polarity when considering symbol-based or pulse-based polarity randomization was assumed. We checked by simulation that a finite sequence provides similar results. Fig. 8 illustrates the smoothing of the spectrum and the reduction of the spectral Crest factor when the length of the pulse-based polarity randomization sequence changes from one symbol duration to 1000. A short TH sequence is used and the modulation format for this simulation is BPSK. The results are similar for PPM and OOK with a long symbol-based polarity randomization sequence. Simulations with a long TH sequence provide qualitatively similar results [31] .
The FCC regulations require a certain power spectral density within each 1 MHz band. Thus, fine structures of the spectrum within this bandwidth do not have an impact on the compliance with the FCC regulations. Hence, any periodicity that is significantly larger than 10 s can be ignored.
V. CONCLUSION
This paper discussed the influence of the modulation format, multiple access format, and pulse shape on the spectral characteristics of time-hopping impulse radio. We showed that PPM and time hopping lead to similar spectral characteristics, namely spectral lines. We suggested a remedy to solve this problem.
• Randomization of the polarity of the transmitted symbols or pulses eliminates the spectral lines • Polarity randomization on a symbol-by-symbol basis, combined with the use of several short TH sequences or a long TH sequence can lead to the reduction of spectral Crest factors.
• Polarity randomization on a pulse-by-pulse basis with a short sequence, combined with a short TH sequence, allows to better design the spectrum and greatly reduces the spectral Crest factor. • The use of long pulse-based polarity randomization codes ensures that the spectrum of the composite signal is equal to the spectrum of the constituent pulse. The last case (spectrum of the signal identical to the spectrum of the underlying pulse) is desirable for practical applications. Shaping this waveform in order to get a better power efficiency or to reduce interference and get better coexistence with other systems such as 802.11a can then be achieved without any further consideration for the modulation scheme. It is possible to design the PSD of the UWB signal using the results of [26] that considers shaping a waveform to avoid interference and [27] that gives general methods to shape the spectrum. This paper has concentrated on the spectral properties of the transmitted signal which are, however, not the only consideration in the signal design. While the use of long spreading sequences (either time-hopping or polarity randomization) simplifies the spectrum design, it complicates receiver design. Furthermore, the existence of a sufficiently large ensemble of hopping sequences with appropriate cross correlation properties is important for the multiple-access capabilities of the system. Nevertheless, in many cases, improving the received SNR, and thus maximizing the output power within the limits of the FCC, is an overriding concern. Our results allow a better exploitation of the limited resource "transmit power."
